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Description
[Technical Field]

[0001] The presentinvention mainly relates to a high-performance vibration analysis method for large-scale systems
with local strong nonlinearities. More specifically, it relates to a dimensionality reduction method using a new type of
complex modal analysis. This application claims priority based on Japanese Patent Application No. 2020-161727 filed
in Japan on September 28, 2020, the content of which is incorporated herein.

[Background Art]

[0002] A machine is composed of a large number of elements that move relative to each other and has elements with
strong nonlinearities such as bearings at base supporting portions or gears at joints between the elements. Moreover,
in stress analysis and vibration analysis at design stage, by using a finite element method, and the like, itis modeled as
aprecise large-scale degree-of-freedom system close to an actual machine in many cases. Therefore, almost all machines
are large-scale degree-of-freedom systems with local strong nonlinearities.

[0003] On the other hand, in recent years, there has been an increasing demand for higher performance of machines.
To realize this requirement, it is necessary to implement a vibration analysis that fully considers an effect of nonlinearity
that is unavoidably included in the system at a design stage. Moreover, to clarify the full picture of nonlinear vibrations
that are complicated and diverse, it is not sufficient to simply perform a numerical simulation for a specific system
parameter, and the full content of frequency response including the stability analysis needs to be clarified.

[0004] Until now, a Galerkin method based on linear eigenmode expansion (refer to, for example, Patent Document
1 described below) has often been used for a vibration analysis of multi-degree-of-freedom nonlinear systems because
it has an algorithm with regularity and can be applied to a wide range of problems.

[Citation List]
[Patent Literature]

[0005] [Patent Literature 1]
Japanese Unexamined Patent Application, First Publication No. 2017-211877

[Summary of Invention]
[Technical Problem]

[0006] However, the Galerkin method has significant disadvantages such as an explosive increase in calculation time
and memory size when an analysis with high accuracy is attempted by increasing the number of modes to be used and
the disappearance of a mode separation effect with nonlinearity by dispersing throughout a system after a conversion
to modal coordinates even if a model has nonlinearity only locally.

[0007] In order to overcome such a situation, research has been vigorously conducted to perform an analysis with
high accuracy using a dimension reduced model with a small number of modes but have not yet reached a fundamental
solution. The main problem is that accuracy of the analysis (especially an accuracy of stability analysis) deteriorates
significantly due to a coupling between modes specific to a nonlinear system if modes to be used are not appropriately
selected. In this manner, it is not an exaggeration to say that there are no practical vibration analysis methods for a
large-scale nonlinear system, and it is an urgent problem in numerical calculation related to mechanical design to develop
a high-performance vibration analysis method that can deal with this problem.

[0008] The present invention has been made with aims to fundamentally solve the problems described above and
provides a method of rationally constructing the dimension reduced model with high accuracy in which the effect of
nonlinearity is appropriately reflected for a large-scale system with local strong nonlinearity.

[Solution to Problem]

[0009] A proposed method is configured mainly from the following two processes.

[0010] (1) A process of applying the new type of complex modal analysis to the equations for linear state variables
[Equation (1) and Equation (4) to be described below] to convert the equations to the real modal equations for lower-
order modes, and correcting and eliminating an effect of higher-order modes of the linear state variables from the equation
for nonlinear state variables [Equation (2) to be described below], and (2) a process of selecting modes (dominant
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modes), which have a large effect on a solution of an original large-scale system, from the real modal equation for lower-
order modes, and, in relation to modes (secondary modes), which have a small effect, eliminating secondary modes by
incorporating the effect to the equation for the nonlinear state variables [Equation (2)] as correction terms obtained from
an approximate and deriving the dimension reduced model, and a process of selecting dominant modes from lower-
order modes (as rationally as possible) in a calculation procedure of a frequency response.

[Advantageous Effects of Invention]

[0011] By using this dimension reduced model, a vibration analysis including stability analysis of a large-scale nonlinear
system, which has not been possible, can be performed at high speed and with high accuracy. Moreover, the proposed
method has very high versatility and can be generally applied to large-scale vibration systems with local strong nonlin-
earities.

[Brief Description of Drawings]
[0012]

FIG. 1 is a diagram which shows an overview of the present analysis technique.

FIG. 2 is a flowchart of the present analysis technique.

FIG. 3 is a schematic diagram which shows an analytical model of an application example of a dimensionality
reduction method.

FIG. 4 is a frequency response diagram which shows first-order to fifth-order primary resonance regions in the full
model.

FIG. 5 is a frequency response diagram which shows the first-order and second-order primary resonance regions
in the full model.

FIG. 6 is a frequency response diagram which shows the first-order to fifth-order primary resonance regions in the
dimension reduced model (n=59, n,=5).

FIG. 7 is a frequency response diagram which shows the first-order and second-order primary resonance regions
in the dimension reduced model (n=59, n,=5).

FIG. 8 is a frequency response diagram which shows the first-order to fifth-order primary resonance regions in the
dimension reduced model (=59, n,=15).

FIG. 9 is a frequency response diagram of the first-order and second-order primary resonance regions in the di-
mension reduced model (n;=59, n,=15).

FIG. 10is a frequency response diagram which shows the first-order to fifth-order primary resonance regions in the
dimension reduced model (n=5, n,=5).

FIG. 11 is a frequency response diagram which shows the first-order to fifth-order primary resonance regions in the
dimension reduced model (n=10, n,=5).

FIG. 12 is a diagram which shows an effect of the lower-order modes number n, on the first-order natural frequency.
FIG. 13is adiagram which shows an effect of the lower-order modes number n,on the second-order natural frequency.
FIG. 14 is a diagram which shows an effect of the lower-order modes number n, on the third-order natural frequency.
FIG. 15 is adiagram which shows an effect of the lower-order modes number n, on the fourth-order natural frequency.
FIG. 16 is a diagram which shows an effect of the lower-order modes number n, on the fifth-order natural frequency.
FIG. 17 is a frequency response diagram of the second-order primary resonance region in the full model.

FIG. 18 is a frequency response diagram of the second-order primary resonance region in the dimension reduced
model (n=20, §=5x104).

FIG. 19 is a frequency response diagram of the second-order primary resonance region in the dimension reduced
model (=20, 5=1x104).

FIG. 20 is a frequency response diagram of the second-order primary resonance region in the dimension reduced
model (n=20, §=1x105).

FIG. 21isafrequency response diagram of the first-order to second-order primary resonance regions in the dimension
reduced model (n=15, 5=7x104).

FIG. 22is afrequency response diagram of the first-order to second-order primary resonance regions in the dimension
reduced model (n=15, 5=1x104).

FIG. 23 is afrequency response diagram of the first-order to second-order primary resonance regions in the dimension
reduced model (n=15, §=2x105).

FIG. 24 is afrequency response diagram of the first-order to second-order primary resonance regions in the dimension
reduced model (n=599, n,=20).

FIG. 25is a frequency response diagram of the fourth-order to fifth-order primary resonance regions in the dimension
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reduced model (n=30, 5=1x103).

FIG. 26 is a frequency response diagram of the fourth-order to fifth-order primary resonance regions in the dimension
reduced model (n=30, 5=5x104).

FIG. 27 is the frequency response diagram of the fourth-order to fifth-order primary resonance regions in the dimen-
sion reduced model (n=30, §=2x104).

FIG. 28 is a frequency response diagram of the fourth-order to fifth-order primary resonance regions in the dimension
reduced model (n=599, n,=20).

FIG. 29 is a block diagram which shows an example of a device that implements the present analysis technique.

[Description of Embodiments]

[0013] Specific implementation items in the two processes described above will be described below.

[0014] It should be noted that, in the present specification, expressions of terms and mathematical formulas are
restricted in the sentences other than independent mathematical formulas that are captured as the images. For this
reason, for example, a term captured as an image in the present specification and expressed as a term (0-1) is expressed
as "°y~4T" in the sentence of the present specification. A term that is incorporated as animage in the present specification

and expressed as a term (0-2) is expressed as "y " in the text of the present specification. Note that "y " means a term
obtained by first-order differentiation of y with respect to time. [Math. 1]

‘gr .- (0-1)

y - -(0-2)
[Analysis target and fundamental equations]

[0015] A method proposed in the present invention analyzes a large-scale vibration system with N degrees of freedom
and local strong nonlinearities. The fundamental equations can be generally expressed as follows.
[Math. 2]

My, +Cyy + Ky + My, +Chy, + Kby, = - - (1)

My, +Coy; + Kpyys + My +Coyyy + Koy +15 (Y5, 1) = 1

Where,

M,,, C,, K, :(nxn), M, C,, K, :(nxm)
M,,, Cy, Ky :(mxm), My, Cy, Ky :(mxn), n+m=N, m<n

- - (3)

[0016] y,isan n-dimensional vector that summarizes the physical coordinates of state variables on which the nonlinear
forces do not act, and y, is an m-dimensional vector that summarizes the physical coordinates of state variables on
which the nonlinear forces act. In the following description, y, will be referred to as a linear state variable and y, will be
referred to as a nonlinear state variable. For convenience, Equation (1) will be referred to as a linear state equation and
Equation (2) will be referred to as a nonlinear state equation. n, is set to a strong nonlinear function with respect to y,
and y’,, and f; and f, are set to the harmonic forced external forces of a period 2r/®. M is a coefficient matrix (a mass
matrix) for mass elements. C is a coefficient matrix (a damping matrix) for damping elements. K is a coefficient matrix
(a stiffness matrix) for linear spring elements. Positive definiteness for M4, C441 and K;4 are not assumed to ensure
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versatility of the proposed method. The fact that m<<<n indicates that the nonlinearity exists only locally. In this manner,
the proposed method is applicable to almost large-scale vibration systems with local strong nonlinearities.

[0017] Informulating a dimensionality reduction method, a following system in which the coefficient matrices of Equation
(1) are replaced with the transposed matrices and the external force set to zero is treated at the same time.

[Math. 3]

Mﬂyf +C£fl; +K1T1?/1* +M;1?jz +02le2 +K2le2 =0 - -(4)

[0018] Where, an upper right subscript "T" is the transposition symbol. y, in Equation (4) is a solution that satisfies
Equations (1) and (2), but since y, is generally different from a solution that satisfies Equations (1) and (2), it is expressed
as y*; in Equation (4). In the following description, Equation (4) is referred to as a dual system of Equation (1).

«Application of new type of complex modal analysis to linear state equation»
[Conversion to first-order differential equation]
[0019] To formulate the dimensionality reduction method based on the new type of complex modal analysis, Equations

(1) and (4) are transformed into the first-order differential equations as follows. Note that |, denotes an nth order unit matrix.
[Math. 4]

B, &, + By, = Az + Apz, —Eg - - (5)
Bli; + Bj &, = Al + Az, - - (6)
Where,
[0 K, 0 0 K, 0 0 0
_Kn Cn_ K, C, 0 -M, 0 -M,
. [0 0 0 0 0 0
AIE = ‘ s Bll = > El =
‘ Y Y A h
H=Ep 2T e Ul N LR
Y U v Si
- (7))

[General eigenvalue problem]

[0020] In the dimensionality reduction method, first, the nonlinear state variables are fixed by setting x',=0 and x,=0
in Equations (5) and (6), and a following general eigenvalue problem is derived from a free vibration system with g4=0.
[Math. 5]

(4 -AB1X,=0 - - (8)

(A -ABI1X/ =0 - - (9)

[0021] The eigenvalues A obtained from Equations (8) and (9) are consistent with each other and generally become
complex numbers. In addition, corresponding eigenvectors X, and X*; are also complex vectors. X, is a right complex
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eigenvector and X*, is a left complex eigenvector for Equation (8), and X*; is a right complex eigenvector and X, is a
left complex eigenvector for Equation (9). In terms of vibration engineering, an imaginary part of the eigenvalue A
corresponds to a natural angular frequency, and X, and X*; correspond to left and right complex constraint modes.

[Lower-order modes of complex constraint modes]

[0022] As a first step, the complex eigenvalues and the left and right complex eigenvectors (the complex constraint
modes) are obtained from Equations (8) and (9). However, when a dimension 2n of the general eigenvalue problem is
large, it is difficult to obtain all eigenvalues and eigenvectors (a solution of a large-scale general eigenvalue problem
remains an unsolved conundrum in a field of numerical calculation and is virtually almost impossible). However, it is still
possible to obtain eigenvectors corresponding to a relatively small number of eigenvalues in order from a lower order
(in ascending order of an absolute value).

[0023] On the other hand, it is known that an effect on vibration characteristics generally decreases as a mode order
increases in both linear and nonlinear systems.

[0024] Therefore, in this dimensionality reduction method, only relatively lower-order eigenvalues and eigenvectors
from the first order to n4th (n,<<n) order, which may have a large effect on an accuracy of a solution, are obtained from
the general eigenvalue problem, an effect of higher-order modes of an (n+1)th order or higher is approximated using
lower-order modes up to the nyth order. A value of n, can be set based on a maximum order of a natural frequency (an
imaginary part of an eigenvalue) present within a frequency range about several times a maximum frequency to be
analyzed.

[0025] The relational equations required for this procedure are as follows. In the equations, subscripts "I" and "h"
indicate variables or physical quantities associated with lower-order modes and higher-order modes, respectively. A
physical quantity with an upper left subscript "C" indicates that it is a complex number, and similarly, "R" and "I" in
principle represent the real part and the imaginary part thereof, respectively.

[0026] First, left and right eigenvectors corresponding to eigenvalues from the first order to the nth (nj<<n) order in
Equation (8) are obtained. These eigenvalues are assumed to have negative complex numbers for all real parts, and a
pth order (p=1, ..., n|) complex conjugate eigenvalue is expressed as follows.

[Math. 6]

¢y €y _R I N
)‘p,l’ )‘p,l" )‘p.liZ >‘7J,l‘_Cy),l“)]J,1J—rz I_Cp,lu’p,l’ Z—‘/_l :
b

B _ Ly _ 2, <
)‘p,l - _Qp,lwp,h Ap,l - 1_<p,l“}p,l’ wp,l > 0' 0< {p,l <0

:1, o "1)

+ 2 (10)

[0027] Where, ©p 4 and Cp,1 represent an undamped natural angular frequency and a damping ratio of a pth order
mode, respectively. Furthermore, these n, pairs of eigenvalues (2n, eigenvalues in total) are put together and displayed
in a matrix as follows.

[Math. 7]

CACR _Rp 4iIp  Rp _ - 2() -(n .
Ay, " Ay = A R0y, Ay ==2 0y, Ay = = 28y )

RAU :diag[R)‘l,l H)‘2,1 R)‘n,,,l]a IAU :diag[])‘l‘l I/\Z,l 1)‘717,1]:(”1 xi)

- : BVINDE
{0 =diagluy) wyy - w  Jimxm), wy =4 A+

Zy =diag[() Gy -+ Cn,,l]:(nlxnl)v G S
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Where, diag[ ] represents a diagonal matrix.

[0028] A right complex constraint modal matrix in which n; sets (2n, pieces) of the right complex eigenvectors of
Equation (8) corresponding to this complex eigenvalue are put together is setas C®". Similarly, a left complex constraint
modal matrix in which n, sets (2n, pieces) of left complex eigenvectors are put together is set as C¥",. It is assumed
that Cd",, and C¥",, are normalized to satisfy the following equation.

[Math. 8]

U L By Wy 0 A0
IR o ' (2 x2my)
0 AT 0 A

0T R

CHTn Ca CAHCAN‘('ATJ 0
Y Bu 9= e o (20, % 2n)
0 A A A

+(12)

[0029] Atthis time, Cd"; and ©'"y are expressed as follows. Note that R, ; and lo,, 1 are areal part and an imaginary
part of the right complex eigenvector of the pth order mode, respectively. In addition, R\ypj and '\ypj are a real part and
an imaginary part of the left complex eigenvector of the pth order mode, respectively.

[Math. 9]

4 ¢ (’q()]'[ ("(djl‘ s ¢ (!fl'] ("(W(%[‘ 2nxdm)
¢ A T4, U4, YA,

%Ha (E’lz = R‘I’u iil‘l’u’ (Wua (@u = R% ii[‘I’u (nxmy)

"3 =("g, "9, - " n,,l]’ =l'9, oy 10 (nxy)

RWIZ:[Rwl,l R¢2,1 ‘ R% 1] [ oy ]wn ]'/’n J:(nxm)

(13)

[Realization of lower-order modes of complex constraint modes]

[0030] In order to speed up the calculation, a right real constraint modal matrix R®" 4, and a left real constraint modal
matrix R¥* 4, are derived from the right and left complex constraint modal matrices ¢®";, and ©¥*, for the lower-order
modes as follows.

[Math. 10]
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NSRS I SR | & I$
R(P”:(/@u ('71! CLH _ [~lll : ~ll :(27“(2”])

Ay 4y - ‘1’11911 gzi221

-1 ~ .

A A I I 1/ [lp
H%:c,% W i’ _ ~11z ~z (2nx2n)

[ T I
8= "8, 14, - 18, "A,, 8, =19, 'A, -8, A,
‘f’uz = Ri'u[Au - I‘i’u RAus i’zzz = Réu IAu + @u RAu nxmy)
R{b”:%lllAIll’ I‘EHZIQSNIAIII’ Ri’lfR‘puIAIzl’ Ii’lzzl‘pu[Al_zl

.. (1 4)
[Introduction of real modal coordinates for lower-order modes]

[0031] Physical coordinates x4 and x*; of the linear state variables can be represented by a sum of x4, and x*, based
on the lower-order modes and x,;, and x*;;, based on the higher-order modes as follows. Note that y,, and y*4, are the
linear state variables for the lower-order modes, respectively. y,;, and y*4,, are the linear state variables for the higher-
order modes, respectively.

[Math. 11]
_yu_ _yn

.'131=IBU+CCM, CBH= . (2”)(1), 11,'”1 = . ! (2")(1) * (1 5>
LY Y
* ¥ % % y* | " _?J*

L ¥

K
LY | Y

[0032] Among these, for x4, and x*;, real modal coordinates n4; and n*4, are introduced by the following equations via
Ro™, and R¥"y, respectively. Note that &, is the real modal coordinates corresponding for the physical coordinates of
the lower-order modes.

[Math. 12]

‘]'1]1?012 '[i’uTM2 (Qnx2m), T ¢ 0 (0% 20)
= . 2 xdm), L=l . ALy X 2n
12 [‘I’UTKQ 0 ! = %T 0 !

< (17)
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Hn * X % ” A,
=Gy +Ty) my =), [y x)
&

IFTAT  TETagT
« |7 ‘pl/ 021 - ‘Pu le
Ty=| .. H(2n,x2m)
- 1T KT 0

1821

[Derivation of real modal equation for lower-order modes]
[0033] After substituting Equations (15) and (17) into Equation (5), multiplying it by R¥",|T from the left and rearranging

it, a real modal equation for the lower-order modes is derived as follows.
[Math. 13]

€ +22, 008, + 91%511 + Ryl + Qg + Py, = Iq'lszl + ‘I’ﬁzfl
= ‘Qﬁ ]‘i’uTCn + ‘i'lTuKlza Q= _'Ql% ]‘fﬁzTM12 + ‘i'szlCn + I‘i’uTKlz

Ry ‘1’ Mua By, Qryps Byy:(myxm)

+(19)

[0034] For the dual system, substituting Equations (16) and (18) into Equation (6), multiplying it by R®",/T from the left
and rearranging it, a real modal equation for the lower-order modes is derived as follows.
[Math. 14]

€1+2Z1Q€1+91 +R yz+Q y2+PlZy2 0
QIN‘PTCMJF 21> Q|2 QNQTleJ@TzzCle*I‘-i’uTKle
erz:‘ﬁ 21- Pl2 le ("Xm)

+(20)

[0035] In this manner, even if the coefficient matrices do not satisfy positive definiteness, the mass, damping, and
stiffness matrices can be diagonalized simultaneously, and the modal equations can be derived in the form of real-type
second-order differential equation. This is the most important feature of the new type of complex modal analysis.

[Correction of effect of higher-order modes by using lower-order modes]

[0036] The linear state variable y, in the nonlinear state equation [Equation (2)] is represented by a sum of y,, based
on the lower-order modes and y,,, based on the higher-order modes as shown in Equation (15), and y,, is converted
into the real modal coordinates corresponding to the lower-order modes introduced in Equation (17). Furthermore, if the
effect of y,;, based on the higher-order modes is corrected and eliminated, the following equation is obtained.

[Math. 15]
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(Myy + My, )i +(Cp + oy + (K + Koy
7 "y s _ .
+ Ry &+ Q€+ By Gt my = fy + Qo + o,
< (21)
[0037] Where, M~5,, C~oop, K~20p, P21, @nd 0y, represent correction terms of the higher-order modes. These are

all obtained from the lower-order modes as follows.
[Math. 16]

Mzzh =My I},C - MLy Ky +Cy Iy My -Cy Ty Gy -Cy Ty Ky
~Ky Ty My - Ky Ty G - Ky Ty Koy
éZZh =Cy I Cy KTy Gy ~Cyy Ly Ky ~ Ky Ty Ky + My I Ky
K22/1 =CyI';K))-KyI'yK))
Doy = Ol =Ky 'y,
G =Myl -CoLyy - Ky Ty
L= ‘Ji’u‘f’szz ‘éiu I'I’UT :_](ijlllj}l{l “13221 ]q’lvT
Ly =K' -, +'8, "4
Ly, =K\ C K =28 A A0 - & 41 -0
Ty, =K, C Ky CK ) - K M K
-4 A - " i+ 2", B -0 20 A + )

LI (2 2>
<<Derivation of Dimension reduced model>>
[Separation of dominant modes and secondary modes]

[0038] Among the real modal coordinates n ¢ and n*,, introduced in Equation (17) and Equation (18), there are modal
coordinates that have a large effect on an accuracy of a solution of an original large-scale system (referred to as a
dominant mode), and modal coordinates that have a small effect (referred to as a secondary mode). Subscripts "a" and
"b" indicate variables or physical quantities associated with the dominant modes and the secondary modes, respectively.
For example, n4, represents the dominant modal coordinates and n,, represents the secondary modal coordinates.
[0039] The left and right real modal matrices Rd";; and R¥",, for the lower-order modes obtained by Equation (14) are
separated into modal matrices Rd";, and R¥",, consisting of n, pairs (2n, pieces) of the dominant modes and modal
matrices Rd",, and R¥",, consisting of n, pairs (2n,, pieces) of the secondary modes (nj=n,+n,), and they are rearranged
as follows. A subscript "#" represents "a" or "b" in the following description.

[Math. 17]

10
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Héll :{Hésla Hislbi|v H‘I}l/ :[Hlilla H!i’”)}j(Z’nX2(7la +nb))

PR P IO P
11# It It g
H@[# = T ., - 5 Rg’l# = I ) - :(2”)( 2”#)
—Ak @y, — 0 Uy,
T TR IR W MYt .
="y A0 A, By =T0 A 40,
o RG A I BA . R IA LA :
I P P TR T T {nxny)

B _ R A 1§ _1p Al B —Rp 1A 1§ =Ig T4
B, ="0, Ay, B =0 A O A A

v+ (93)

[0040] Corresponding to the separation of the real modal matrices, modal coordinates of Equation (19), Equation (20)
and Equation (21) are also separated into the dominant modes and the secondary modes as follows.
[Math. 18]

él# +2ZI#Q#€1# +%5]# + Ryh + Qi + Pty = [qllj#;fl Hi’l{#fl
Ppy= ‘912# [‘1711012 +‘-f'1T1#K12’ Qs = ‘QZ#[‘EEMQ +!I~'27;#Cl2 * [iﬁz;Kn
Ry, :'PZTZ#MIZ’ By, Qs Rigy 1 (nyxm)

v (24)

2 o 7 ot - £ o
€6 2280615 + Dby + Ryt + Qe + Py, =0

Y A IETAT  GT T A L IETagT | ET AT T&T 3T
By =-0, 8.0 + 9Ky, Qs =-10: 9 My + 9,05 + 9K

# %

kK ZT T % i /
Ry =My, Bys, Qs Ry :(ny xm)

e (25)

(My+ Mzzh,)iiz +(Cp + C'zzh,)?)z +(Ky+ K22h W

Te #Ti ptT T AT T
+ B3, 810+ @il P+ By + Q& + Py &ty

=h*qudi t ok

++(26)

[Approximate solution of secondary mode]

[0041] Since an effect of nonlinearity is small for the secondary modes, then, ignoring this effect and assuming that
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Yo, &1 @nd &%y, vibrate harmonically with the fundamental period 2n/e yields y™,=-02y,, £"1,=-02E,, £ 1,=-02E* .
Furthermore, considering that f*y=-w2f; holds for the harmonic external force, from Equations (24) and (25), an approx-

imate solution of the secondary modes is obtained as follows.
[Math. 19]

511) Uy Vi || % . Uy V|l

& ] [V Ugy L8] [V Uy )L

Uy =-A5 (9 —sznb NPy - Ry ) -2 Ay Q)
Viy :‘A{bl{yi/‘u)(ﬂzb _szIZb)‘I'(nh% —sznb )@} v (27)
Uy = Al_bl{(ﬂl% -w'l nb )lfllle -2 RAlb Iljllg}

Vi =4, 27 A8 + (@ ‘sznb ) )

A, =(0; - w2Irz,b F 4w AyY

% ¥
£ Uy Vip | ¥
L% 2 £3 ¥ .
&l v Viy Uy

Vl*Zb = _Al_b1 {2 RAlb (Pl’;b B WZRTZI)) t (‘Ql%) B WZI"I )QYZI)}

g

[Elimination of secondary modes and derivation of dimension reduced model]
[0042] By substituting the approximate solution of Equation (27) into the secondary modal coordinates &, & 1p, & 1p
in Equation (26) and correcting and eliminating the secondary modes, the following equation is obtained (the result of

Equation (28) is used in this derivation process).
[Math. 20]

(My + M T M iy +(Cy + ézzb + ézzh Ji +(Ky + K mT K i
ATy £T 4 #T .
+ R & t @ T B+ m = B+ gy + )y + (g + Py )iy

©(29)

[0043] Where, M=y, C™oop, K™oop, Poqp, @Nd 04, represent correction terms of the secondary modes and are given
by the following equations.
[Math. 21]
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MZZb =M, [(ﬁll'ﬂl% ]‘f’l{Mlz tU I*ZIUIZI) _Vl*?bT'Ql; 12 +U12(;Rl7b +Rl’€Ul7b
Coyy=-Py UM, + M, '@ EC + R VK,

(Pm le)Vw +Ql7bU17
ffzzb :‘Pl*z}l | I‘f’urclz + (QI*Z{ +My, @1191%)[‘171171(12

+(P12 ' Rl’ )UP “’Q Vl7b

wz(Ul*;Ulzb _VIZZ‘QIZVPI) * UI*ZZRlzb * RI*ZZUIZ())
P2w=(QrzT+Mz|1i’11”|%)l'f’j (Pm 2er€)U1|b+w2Qr2Ian
q2lb:Rl*2{]‘I~ll{ -(P m ) - Rl2b Wi-@Q, TUH

(30)

equation whose dimensionality is reduced to (n,+m) dimension is obtained as follows.

[Math. 22]

ME+CE+KE+n=f

5_ gla M= In‘Z Rl2a O = 2Zla‘Qla Ql2a
% ’ 25 My, + My | lei Cp+Cy
2 I T
P 0 Y + !
K- ‘Qla 124 = f: fl 11 fi

&7 ~ ’
By, KntKy ™ fy+auf + o
My =My, + My, Cy=Coy+Cypy Ky =Koy + Ky

O =% T P = Doyt Do

(3 1)

"and Equation (29), an

[0045] The model represented by Equation (31) is called the dimension reduced model. The approximate solution is
calculated using Equation (31).

[Approximate solution of physical coordinates of linear state variables]

[0046] When approximate solutions &, & 15, Y2, ¥ o are obtained from Equation (31) of the dimension reduced model,
the approximate solutions for linear state variables are converted into physical coordinates when necessary.
[0047] The relational equations required for this procedure are as follows.

[Math. 23]
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yi yl a ylb yl I3
= + +

1= _ _ - (32)
U Yia Yy Yin
Where,
vl [ B B [[[6] [F'EIC, EIMLw] [0 0]
y?ﬂ _’f’{%{sgi @22@1 Iglﬂ k[!i}chzﬂKll 0 'gz “111;11/ 0 fl [
-+ (33)
Y | &, '#, Uy = "B Cpy Vg, =" M, ||y N
Yu ”‘I’f’mﬂ% ‘ﬁzzﬁ ~w?“/ﬁm+"’f’{§1ﬂz Uy, Y
+ U!lb VHZ; fl }k
2 1T ;
~w'Vyy, =% Uy, LS J
++(34)
Y K, I,C,+I'yK, |y, N ry,, I |f (35)
T =— i , «+ (35
Y -I'y K, -IC,+I,, K, || 1, -I'y, I'y, || A

[0048] vy,,. Y 14 represent physical coordinates based on the dominant modes, y44, ¥ 1, represent physical coordinates
based on the secondary modes, and y4, ¥y 4, represent physical coordinates based on the higher-order modes.

[Selection method of dominant modes]

[0049] When full content of a complicated and diverse frequency response is clarified while gradually changing an
angular frequency o of an external force in a nonlinear system, an approximate solution obtained for a certain o is often
used as an initial value for ®*Aw in iterative approximation calculation. Therefore, &4, to be used for @A can be
selected by using information included in the approximate solution obtained for a certain .

[0050] The relational equations required for this procedure are as follows.

[0051] Now, suppose that an approximate solution of the dimension reduced model consisting of &;,, &'15, Yo and y',
is obtained for a certain ®. From this approximate solution y,, y’,, an approximate solution of lower-order modal coor-
dinates &4, can be calculated by the following equation.

[Math. 24]
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511 Uy Y |9 Up Vi |l h

éu ) Vi Uy |1 + Wy Uy fl

Uy =-44(% ‘WzIn, NPy -w'Riy)- 2" 4, Qy)
Vig=-A7 2" Ay (Py-w'Riy)+ (@ ‘WZI”, 0121} .+ (386)
Uy = Al_z1 {(Qﬁ -w'l n )‘f’gz -2 RAN Ii’uT}

V= Aﬁl {2 HA1J'I~’171? + (91% ‘“’21—71, ) I‘I;lfl[‘}

i

A= ‘W2In,, P+ (20" 4y)"

[0052] An amplitude for each mode of this approximate solution can be defined by the following equation.
[Math. 25]

27?/@'

2
e, 0fw =1 a0

Af = w
o= |61y
T
[0053] In the calculation of o*Aw, only a mode whose modal amplitude [&4 || is greater than a set threshold value &
is selected as &,,. If it is assumed that the number of selected dominant modes is n, and the number of remaining
secondary modes is ny,, ny=ng+n,. An upper limit value n, ,,, of n, may be defined depending on a case.
[0054] With this method, it is possible to efficiently calculate a frequency response while appropriately selecting dom-
inant modes as few as possible according to characteristics of a solution. In this method, the problem is how to set the
threshold value § for the modal amplitude and the upper limit value n, ,,, for the number of dominant modes. In practical
use, by obtaining multiple frequency responses while gradually decreasing & and gradually increasing n, o, and when
the analytical results no longer change, a highly accurate solution is considered to have been obtained. Since the
dimension reduced model can be calculated fairly fast, it is considered that a cost for a plurality of calculations is not a
significant issue in practice. Note that a case when the analytical results do not change includes not only a case where
the analytical results do not change at all, but also a case where a difference between the analytical results is less than
a predetermined reference.
[0055] As for the method of setting the number of dominant modes n, at a first o at which the calculation is started,
for example, n,=n, (the number of lower-order modes) may be set.

«Calculation procedure of frequency response»
[0056] A procedure for calculating the frequency response is briefly summarized below (refer to FIG. 1 and FIG. 2).

(Step 1) Preprocessing

(Step 1-1)

Calculation of the complex eigenvalues and the complex eigenvectors of the lower-order modes for the linear state
variables [Equation (8), Equation (10), Equation (12), Equation (13)] and realization of the complex eigenvectors
[Equation (14)]

(Step 1-2)

Introduction of the real modal coordinates for the physical coordinates of the lower-order modes [Equation (17),
Equation (18)] and derivation of the real modal equation [Equation (19), Equation (20)]

(Step 1-3)

Correction of the effect of the higher-order modes using the lower-order modes for the equation for the nonlinear
state variables [Equation (21)]

(Step 2) Selection of the dominant mode [Equation (36), Equation (37)]
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(Step 3) Derivation of the dimension reduced model

(Step 3-1)

Separation of the dominant mode and the secondary mode [Equation (23), Equation (24), Equation (25), Equation
(26)]

(Step 3-2) Calculation of the approximate solution of the secondary mode [Equation (27), Equation (28)]

(Step 3-3)

Derivation of the dimension reduced model [Equation (29), Equation (30), Equation (31)]

(Step 4)

Calculation of the periodic solution of the dimension reduced model [Equation (31)]

(Step 5) Determination of calculation end or continuation

[0057] The calculation will end when the angular frequency o reaches an upper or lower limit of an analysis range.
When it does not reach the limit, o=Aw is replaced with m. The processing returns to Step 1 when M4, C44, and Ky
are the functions of ®, and returns to Step 2 to continue the calculation when they are constants.

«Application example of dimensionality reduction method»

[1. Analytical model]

[0058] To confirm effectiveness of the dimensionality reduction method using the new type of complex modal analysis,
particularly effectiveness of the elimination method of higher-order modes and the selection method of dominant modes,

the dimensionality reduction method is applied to an in-plane bending vibration of a straight beam structure. FIG. 3
shows a schematic diagram of an analytical model, and Table 1 shows parameters used for the calculation.

[Table 1]
Beam Total length [m] 1.5
Outer diameter [mm] 30
Inner diameter [mm] 25
Distributed damping of Translational direction 50
beam [kg/(m s)]
Rotational direction 1.0
[kg/s]
ResFonng force of support | Both ends [N] Iﬁ% yrl ﬂ?]«-\*’%ﬁ ﬁ‘“%’g
portion o ;
Position of 0.5 m from ; ‘
left end [N] 0 =d] N
_pd=2.5mm, A=4-sign(y)
|y = o
External force Position of 1 m from left 0.001@2sinmt
end [N]

[0059] In this model 10, both ends of a beam 1 having a uniform hollow circular section of 1.5m in length, 30mm in
outer diameter, and 25mm in inner diameter are supported by nonlinear elements 2 (viscous dampers and cubic springs
of hardening type), and a piecewise linear spring 3 (gap) is disposed at a position of 0.5 m from the left end. In addition,
a harmonic external force F of a centrifugal force type is applied on a position of 1 m from the left end so that a vibration
with a large amplitude generates and the effect of nonlinearity strongly appear even in a region where a frequency of
the external force is relatively high.

[0060] Physical properties of beam 1 are assumed to be steel material. The beam 1 has been equally divided into 30
small elements, and the mass and stiffness matrices have been derived by the finite element method. In this case, the
degrees of freedom are n=59 for the linear state variables, m=3 for the nonlinear state variables, and N=62 for the total
degree of freedom.

[0061] The degrees of freedom of this analytical model are not large enough to be called a large-scale system, but
they are close to a limit at which the solution can be obtained without applying the dimensionality reduction method. The
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damping matrix is assumed to be a non-proportional damping based on distributed damping so that an advantage of
the new type of complex modal analysis appears. Table 2 shows the first-order to tenth order undamped natural fre-
quencies of the linearized system with the coefficient of the cubic term of the nonlinear spring in this analytical model
set to zero.
[Table 2]
Order number | Natural frequency [Hz]
1 34.81
138.2
306.9
535.1
812.7
1125
1459
1820
2235
2728

Ol | N[Ol | W DN

-
o

[0062] FIGS. 4 to 9 show the frequency response diagrams of this analytical model. FIGS. 4, 6, and 8 show the first-
order to fifth-order primary resonance regions, and FIGS. 5, 7, and 9 show the enlarged views of the first-order and
second-order primary resonance regions. FIGS. 4 and 5 show the results when the dimensionality reduction method is
not applied (referred to as the full model), and FIGS. 6 to 9 show results when the dimensionality reduction method is
applied (referred to as the dimension reduced model).

[0063] The dimension reduced model is constructed by selecting a fixed number (na = 5, 15) of dominant modes in
the order that the natural frequency of the constraint mode is closer to the frequency of the external force, without both
applying the elimination method of higher-order modes and the selection method of dominant modes. In the results of
the dimension reduced model, the numbers of dominant modes (numerical values are denoted on the right axis) are
indicated by a filled V marks, but they are constant in FIGS. 6 to 9, so that the results are presented as an apparently
thick solid line.

[0064] All response curves in the frequency response denote a maximum half-amplitude at the point where the gap
is disposed and bend when the amplitudes exceed a gap width (0.0025m). In the figures, a solid line represents a stable
solution, a dashed line represents an unstable solution, an O mark represents a saddle-node bifurcation point, a [0 mark
represents a pitchfork bifurcation point, and a A mark represents a hopf bifurcation point.

[0065] A result of comparison between FIGS. 6 and 7 when n,=5 and FIGS. 4 and 5 of the full model shows a generally
good consistency therebetween, but the shapes of the response curves, the peak amplitude values, and the results of
stability analysis are different in a region where the effect of a gap that is strong nonlinearity appears. As shown in FIGS.
8 and 9, when the number of dominant modes is increased to n =15, the results consistent with those of the full model
are obtained.

[2. Application of elimination method of higher-order modes]

[0066] The elimination method of higher-order modes is applied to this analytical model, and the effect on an analytical
result of the number of lower-order modes n, used for the analysis is investigated. FIGS. 10 and 11 show results when
the number of dominant modes is fixed at n =5 and the number of lower-order modes is m=5, 10. Compared to FIG. 6
(m=n=59) when the elimination method of higher-order modes is not applied, almost the same response is obtained in
the first-order and second-order primary resonance regions with m=5 in FIG. 10. However, the difference increases as
the frequency increases. If m=10in FIG. 11, itcan be seen that the almost consistent results are obtained in the analytical
frequency range.

[0067] In this manner, the required number of lower-order modes changes depending on the range of frequency for
performing the analysis, and the solution can be obtained with high accuracy up to a higher frequency range by increasing
the number of lower-order modes. In this analytical model, since the effect of higher-order mode can be estimated with
high accuracy with only 10 out of 59, that is a small number of lower-order modes, this property is expected to be
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extremely effective for an analysis of large-scale systems.

[0068] To examine the effect of the number of lower-order modes on the natural frequencies, the first-order to fifth-
order natural frequencies in the analytical frequency range are shown in FIGS. 12 to 16. These natural frequencies were
obtained from the dimension reduced model (n=n,) derived by applying only the elimination method of higher-order
modes. The dots represent the natural frequencies of the dimension reduced model, and the dashed line represents the
natural frequency of the full model.

[0069] From the comparison of FIGS. 12 to 16, the lower order natural frequencies have better accuracy and the
higher the order, the lower the accuracy. It can also be seen that the accuracy improves as the number of lower-order
modes increases. Since the accuracy of the natural frequencies and the accuracy of the frequency response analytical
results show similar trends with respect to the number of lower-order modes, it is considered that the accuracy of the
natural frequencies can be used as a guide for setting the number of lower-order modes n, from the viewpoint of calculation
cost.

[3. Application of selection method of dominant modes]

[0070] The selection method of dominant modes is applied to the analytical model. The analysis range is limited to
the second-order primary resonance region. The elimination method of higher-order modes is also applied to the dimen-
sionality reduction method, and the number of lower-order modes is set as n=20. FIG. 17 is a result of the full model,
and FIGS. 18 to 20 are results of applying the selection method of dominant modes with the respective threshold values
set as §=5x104, 1xX104, and 1X105, respectively. It can be seen that the number of dominant modes varies with the
frequency of the external force. It can be seen that when the threshold value is gradually decreased from FIG. 18 to
FIG. 20, the number of modes increases and the modes required for the analysis are appropriately selected, and thereby
the solution of the full model is approached. At 5=1x10-5 in FIG. 20, the results consistent with those of the full model
are obtained.

[0071] Itis confirmed that, at any threshold value, the number of dominant modes is relatively small in a region where
the amplitude of the solution is small and the effect of nonlinearity does not appear, the number of dominant modes
increases as an amplitude of a solution increases, and the analysis can be performed efficiently by changing the dominant
modes according to the characteristics of the solution.

[4. Model with large degree of freedom]

[0072] The present method is applied to the analytical model with 300 divisions to verify the effectiveness. In this case,
the degrees of freedom are n=599 for the linear state variables, m=3 for the nonlinear state variables, and N=602 for
the total degree of freedom. With this degree of freedom, the analysis for the full model becomes difficult. The analysis
is performed separately in the first-order to second-order primary resonance regions and the fourth-order to fifth-order
primary resonance regions.

[4.1. First-order and second-order primary resonance regions]

[0073] The analytical range of the frequency of the external force is set to 20 Hz to 200 Hz based on the natural
frequencies and the results of Chapter 1 [1. analytical model]. The number of lower-order modes when the elimination
method of higher-order modes is applied is set to m=15 based on a sixth-order natural frequency, which is about five
times the maximum frequency of 200 Hz.

[0074] FIGS. 21 to 23 show the results of applying the selection method of dominant modes while respective threshold
values are gradually decreased to §=7x104, 1x 104, and 2x10-5. A comparison between FIG. 21 and FIG. 22 shows
that there is a difference in the responses of the first-order and second-order resonances. From a comparison between
FIG. 22 and FIG. 23, it can be seen that a solution near the second-order peak is slightly different although the change
in response is small.

[0075] To confirm that the result of FIG. 23 is a highly accurate result, an analysis of the dimension reduced model is
performed while n, is gradually increased as in Chapter 1 without applying both the elimination method of higher-order
modes and the selection method of dominant modes, and a result when there was no change in the response was
regarded as a correct solution for the analytical model. The result is shown in FIG. 24, where the number of lower-order
modes is m=599 and the number of dominant modes is n,=20. It can be seen that this result shows very good consistency
with FIG. 23.

[4.2. Fourth-order and fifth-order primary resonance regions]

[0076] The analytical frequency range is set from 450 Hz to 1000 Hz, and the number of lower-order modes is set to
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m=30 based on the tenth-order natural frequency, which is about three times the maximum frequency of 1000 Hz. As
in the previous section, the selection method of dominant modes is applied while the threshold value is gradually de-
creased. FIGS. 2510 27 show the results when the threshold values are setto §=1x 103, 5x 104, and 2xX 104, respectively.
[0077] From the comparison of FIGS. 25 to 27 in the same manner as in the previous section, it can be seen that the
change in response of the dimension reduced model is getting smaller. In addition, from the comparison between FIG.
27 and the results of =599 and n,=20 in FIG. 28, even in this frequency range, the results that are almost the same
as those of the full model can be efficiently calculated by the dimensionality reduction method. However, the number of
lower-order modes and the optimum threshold value differ depending on the frequency range for performing the analysis.
[0078] As described above, the effectiveness of the present invention was confirmed through specific numerical cal-
culations for this analytical model.

[0079] Note that the analytical method described above may be implemented by an analysis device 100 as shown in
FIG. 29.

[0080] The analysisdevice 100 is realized by a device such as a personal computer, a server, or an industrial computer.
The analysis device 100 includes a processing unit 110, a storage unit 120, an input unit 130, and an output unit 140.
The processing unit 110 applies the new type of complex modal analysis to the equation for linear state variables to
convert it into the real modal equations for lower-order modes and corrects and eliminates the effect of higher-order
modes of the linear state variables from the equation for nonlinear state variable. The processing unit 110 selects the
dominant modes, which have the large effect on the solution of the original large-scale system, from the real modal
equation, and, in relation to the secondary mode, which have the small effect, eliminates the modes thereof by incorpo-
rating the effect to the equation for nonlinear state variables as correction terms obtained from an approximate solution
of the real modal equation for lower-order modes, and derives the dimension reduced model. The processing unit 110
calculates the frequency response by using the dimension reduced model. The processing unit 110 is realized by, for
example, a hardware processor such as a central processing unit (CPU) executing a program (software) stored in the
storage unit 120. In addition, some or all of these functional units may be realized by hardware (a circuit unit; including
circuitry) such as large scale integration (LSI), an application specific integrated circuit (ASIC), an field-programmable
gate array (FPGA), and a graphics processing unit (GPU), or may be realized by software and hardware in cooperation.
The program may be stored in advance in a storage device (a storage device including a non-transitory storage medium)
such as a hard disk drive (HDD) or flash memory or may be stored in a removable storage medium (non-transitory
storage medium) such as a DVD or CD-ROM and installed by the storage medium being attached to a drive device. The
input unit 130 is realized by, for example, a keyboard, a mouse, a touch panel, or the like. The output unit 140 is realized
by, for example, a display, a printer, a touch panel, or the like. When an analysis method is realized, information that
needs to be set, such as a threshold value, may be stored in advance in the storage unit 120 or may be input by a
researcher from the input unit 130. The analytical result may be output to the output unit 140.

Claims

1. A vibration analysis method for analyzing vibrations of a large-scale system with local strong nonlinearities com-
prising:

a process (1) of applying the new type of complex modal analysis to an equation for linear state variables to
convert the equation to a real modal equation for lower-order modes, and correcting an effect of higher-order
modes of the linear state variables and eliminating the modes from an equation for nonlinear state variables;
a process (2) of selecting dominant modes, which have a large effect on a solution of an original large-scale
system, from the real modal equation for lower-order modes, and, in relation to secondary modes, which have
a small effect, eliminating the modes by incorporating the effect to the equation for nonlinear state variables as
a correction term obtained from an approximate solution of the real modal equation for lower-order modes, and
deriving the dimension reduced model; and

a process (3) of calculating a frequency response by using the dimension reduced model.

2. The vibration analysis method according to claim 1,
wherein, in relation to an angular frequency o, an angular frequency o *Aw is replaced with © and the process (1)
to the process (3) are repeated until the angular frequency o reaches an upper or lower limit of an analysis range.

3. The vibration analysis method according to claim 2,
wherein, when an angular frequency o =Ao is replaced with ® and the process (1) to the process (3) are repeated,
the dominant modes and the secondary modes at an angular frequency m*Aw are separated on the basis of the
approximate solution obtained for the dimension reduced model at an angular frequency .

19



10

15

20

25

30

35

40

45

50

55

EP 4 220 105 A1

4. The vibration analysis method according to claim 3,

wherein the dominant modes and the secondary modes at an angular frequency o *Aw are separated on the basis
of a relationship between a modal amplitude obtained from the dimension reduced model at an angular frequency
» and a predetermined threshold value.

5. The vibration analysis method according to any one of claims 1 to 4,
wherein, in the new type of complex modal analysis, calculation of complex eigenvalues and complex eigenvectors
for lower-order modes of linear state variables and realization of the complex eigenvectors are performed, and
introduction of real modal coordinates for physical coordinates of lower-order modes and derivation of real modal
equations are performed.

6. A program which causes a computer as a device for analyzing vibrations of a large-scale system with local strong
nonlinearities to function as:

a first processing unit configured to apply the new type of complex modal analysis to an equation for a linear
state variable to convert the equation to a real modal equation for lower-order modes and correct an effect of
higher-order modes of the linear state variables and eliminate the modes from an equation for a non-linear state
variable,

a second processing unit configured to select dominant modes, which have a large effect on a solution of an
original large-scale system, from the real modal equation for lower-order modes, and, in relation to secondary
modes, which have a small effect, eliminate the modes by incorporating the effect to the equation for nonlinear
state variables as a correction term obtained from an approximate solution of the real modal equation for lower-
order modes, and derive the dimension reduced model, and

a third processing unit configured to calculate a frequency response by using the dimension reduced model.

7. A storage medium which has stored the program according to claim 6.
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FIG. 10

0.04

0.02

Maximum amplitude [m]

FIG. 11

0.04

0.02

Maximum amplitude [m]

EP 4 220 105 A1

— Stable

........... Unstable

. O Saddle—node
/\ Hopf

[0 Pitchfork

20

110

0
250 500 750 1000
Frequency [Hz]
T T 20

—— Stable )
........... Unstable |
O Saddle—node
/\ Hopf
[] Pitchfork

500
Frequency [Hz]

27

Na [_]

Na [_]



EP 4 220 105 A1

FIG. 12

34.808 | | :
N
L
> Y
S 34807 1
[0}
= o
= ST 8 e.. . ...
©
5 34806 —
©
=
34.805 : : ‘ : :
4 6 8 10
n [-]
E 138.24F  ® .
> L i
Q
[
[0}
> 138.22r .
o
=
K I ® |
3 e o
§ 138.2: ________________________________________ o P j
1 1 I 1 |
138.184 5 3 10
n [-]

28



FIG. 14

FIG. 15
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